The wild strain of Serratia marcescens rapidly degraded threonine and formed aminoacetone in a medium containing glucose and urea. Extracts of this strain showed high threonine dehydrogenase and "biosynthetic" threonine deain activities, but no threonine aldolase activity. Threonine dehydrogenase-deficient strain Mu-910 was selected among mutants unable to grow on threonine as the carbon source. This strain did not form aminoacetone from threonine, but it slowly degraded threonine. Strain D-60, deficient in both threonine dehydrogenase and threonine deaminase, was derived from strain Mu-910 and barely degraded threonine. A glycine-requiring strain derived from the wild strain grew in minimal medium containing threonine as the glycine source, whereas a glycinerequiring strain derived from strain Mu-910 did not grow. This indicates that threonine dehydrogenase participates in glycine formation from threonine (via a-amino-,8-ketobutyrate) as well as in threonine degradation to aminoacetone.
2.1.2.1) cleaves threonine to acetaldehyde and glycine in some microorganisms (10, 17, 24, 33) .
Threonine deaminase (EC 4.2.1.16) converts threonine to a-ketobutyrate and ammonium ion. In E. coli (9, 30) and Salmonella typhimurium (20) , "catabolic" threonine deaminase degrades threonine under anaerobic culture conditions. "Biosynthetic" threonine deaminase is possibly concerned with threonine degradation as well as with isoleucine biosynthesis (4) .
During a study on isoleucine production from threonine, we observed that a wild strain of Serratia marcescens rapidly degraded threonine (11) . Moreover, we obtained regulatory mutants producing large amounts of isoleucine in a medium containing glucose and urea (13, 15) . This finding indicated that S. marcescens possesses a high potential activity for threonine synthesis. Therefore, we expected that S. marcescens would produce large amounts of threonine if threonine degradation was prevented and threonine biosynthesis was released from feedback controls.
To establish microbial production of threonine, we examined threonine degradation by S. marcescens, isolated a mutant deficient in the degrading enzymes, and, furthermore, derived regulatory mutants from it. This paper deals with the features of threonine degradation by S.
marcescens.
MATERIALS AND METHODS
Bacterial-strains. The wild strain and derivatives of S. marcescens Sr4l (23) listed in Table 1 were used in our experiments. Media. Threonine degradation by growing cells was examined with a medium containing 10% glucose, 1% urea, 0.1% K2HPO4, 0.1% MgSO4-7H20, 0.0002% FeSO4 .7H20, 3% CaCO3, and 1 or 2% L-threonine. Glucose was autoclaved separately and mixed with the other components.
To determine the growth of strains and the enzyme activities of cells and to isolate mutants, the media in Table 2 bThe compounds were added to a salt solution containing 0.7% K2HPO4, 0.3% KH2PO4, and 0.01% MgSO4 7H20. ml of the medium in 500-ml Sakaguchi shakng flasks. The other culture conditions and the estimation of the growth were described previously (12) . Growth is expressed as dry cell weight. For assays of L-threonine, aminoacetone, and glycine in the medium, the culture broth was centrifuged to obtain the supernatant. LThreonine was measured by bioassay, using Leuconostoc mesenteroides P-60. Aminoacetone was determined by the method of Urata and Granick (31).
Glycine was detected by paper chromatography.
Growth study. CelLs were grown in test tubes (15 by 150 mm) containing 3 ml of medium with a Hitachi automated recording incubator system (5) . Incubation was at 30°C with shaking (140 rpm, 4-cm stroke). Growth was turbidimetrically measured it 660 nm at 1-or 6-h intervals by the automatic method. An optical density of 0.10 corresponded to 3 x 10" cells per ml.
Enzyme assays. Cells were grown in 500-ml shaking flasks containing 150 ml of medium at 300C with shaking. Cells were harvested from exponentially growing culture by centrifugation and washed twice with 50 mM tris(hydroxymethyl)aminomethane-hydrochloride buffer (pH 8.5). Cells were suspended in the same buffer, and cell-free extracts were prepared as described previously (14) . The extracts prepared thus were used for the assay of threonine dehydrogenase and threonine aldolase. Cell-free extracts for threonine deaminase were prepared by the method stated previously (14) .
Threonine dehydrogenase was assayed as follows. The reaction mirture contained 20 ymol of L-threonine, 0.5 nmol of nicotinamide adenine dinucleotide, 100 pmol of tris(hydroxymethyl)aminomethane-hydrochloride buffer (pH 8.5), and extracts (0.2 to 1.0 mg of protein) in a total volume of 1.0 ml. Incubation was carried out at 30°C for 30 min. The reaction was stopped by the addition of 1.0 ml of 0.3 M trichloroacetic acid and deproteinized by centrifugation. Aminoacetone in the supernatant was determined by the method of Urata and Granick (31) . The activities in the extracts were stable at 0 to 10°C for several days.
Threonine aldolase was assayed as follows. The reaction mixture contained 20 umol of L-threonine, 0.2 pmol of pyridoxal phosphate, 100 gLmol of tins-(hydroxymethyl)aminomethane-hydrochloride buffer (pH 8.5), 1 Itmol of L-isoleucine, and extracts (0.2 to 1.0 mg of protein) in a total volume of 1.0 ml. Isoleucine was added to inhibit a-ketobutyrate formation by threonine deaminase. Incubation was performed at 30°C for 30 min. The reaction was stopped by the addition of 1.0 ml of 0.3 M trichloroacetic acid, and the mixture was deproteinized by centrifugation. The carbonyl compound in the supernatant was determined by the methods of Paz et al. (26) and Greenberg (8) .
Threonine deaminase was assayed as described previously (14) , except that the reaction mixture was incubated at 300C.
Specific activities are expressed as micromoles of products per milligram of protein per minute.
Chemicals. N-Methyl-N'-nitro-N-nitrosoguanidine was obtained from Aldrich Chemical Co., Milwaukee, Wis. All amino acids were the L-isomers. All reagents were of the highest quality commercially available.
RESULTS Threonine degradation by growing celis of the wild strain. Threonine degradation by the wild strain was studied using the medium containing glucose and urea as the carbon and nitrogen sources (Fig. 1) . Threonine in the medium decreased as the culture proceeded. Large amounts of aminoacetone were found in the supernatant of the medium during the exponential growth phase. Glycine was not formed during the period tested.
Threonine-degrading enzymes in the wild strain. To determine the pathways of threonine degradation in S. marcescens, threonine dehydrogenase, threonine aldolase, and threonine deaminas were investigated with extracts prepared from cells grown in various media (Table 3) Threonine deaminase activities were examined at pH 9.0 and 7.4 in the presence and absence of isoleucine to determine the existence of catabolic threonine deaminase (28) . The activity at pH 7.4 in cells grown on threonine was lower than that in celLs grown in the minimal medium and was completely inhibited by isoleucine, as in the case of the activity at pH 9.0. These data indicate that S. marcescens has no threonine deaminase other than the biosynthetic deaminase under the aerobic conditions. However, this does not exclude the possibility that I, 1 (25) . Therefore, the effect of both amino acids on the formation of threonine dehydrogenase in S. marcescens was studied (Table 5 ). The activities of threonine dehydrogenase in the medium containing succinate as the carbon source were higher than those in the medium containing glucose. Threonine had no effect on formation of the enzyme. (6) . Substrate specificity was also investigated. DL-Hydroxynorvaline and DL-allothreonine were converted to aminoketones by the crude extracts. Since threonine dehydro- genase-deficient strain Mu-910 did not produce aminoketones from these compounds, threonine dehydrogenase is considered to catalyze the formation of aminoketones from these threonine analogs. Aminoketone formation was not observed when D-threonine, L-homoserine, and DL-fl-hydroxyleucine were used as substrates.
Growth of glycine-requing strains on threonine as the glycine source. There was the possibility that threonine would be converted to glycine via a-amino-,B-ketobutyrate. To clarify the role of threonine dehydrogenase in glycine formation, glycine-requiring strains I-102 and D-62 were derived from the wild strain and threonine dehydrogenase-deficient strain Mu-910, respectively. Strain I-102 slowly grew on threonine alone in the minimal medium, and the growth on threonine was accelerated by leucine (Table 6 ). This strain exhibited higher growth rates on threonine and leucine when succinate was used as the carbon source than when glucose was used. We suppose that this is due to the higher activities of threonine dehydrogenase in the medium containing succinate. On the other hand, the growth of strain D-62 was observed neither on threonine nor on threonine plus leucine.
DISCUSSION
Threonine was rapidly degraded by the wild strain of S. marcescens in the medium containing glucose and urea as the carbon and nitrogen sources. This is disadvantageous for the construction of threonine-producing strains of S.
marcescens. For these reasons, we examined the threonine-degrading enzymes and isolated a mutant deficient in both enzymes. Furthermore, we derived threonine-producing strains from this deficient mutant (16) .
Threonine dehydrogenase degrades threonine to a-amino-fl-ketobutyrate. Two pathways for the degradation of a-amino-fl-ketobutyrate are possible: the aminoacetone route and the glycine route (Fig. 3) verted to serine, which acted as the actual nitrogen donor (27) . In the minimal medium, S. marcescens produces glycine primarily from serine, as other bacteria do. But in the miimal medium containing threonine, threonine dehydrogenase is involved in glycine formation from threonine. This was confirmed by the growth of glycinerequiring mutants with or without threonine dehydrogenase activity. Therefore, a-amino-,Bketobutyrate-coenzyme A ligase probably degrades a-amino-,l-ketobutyrate to glycine and acetyl coenzyme A, although we have not yet examined this enzyme in S. marcescens. Nevertheless, this route seems to be a secondary one, since the other product, aminoacetone, was found in large amounts when S. marcescens was grown on threonine.
Threonine dehydrogenase of S. marcescens is controlled by catabolic repression and by leucine-mediated induction, as observed in E. coli (25) . This is consistent with the observation that a glycine-requiring strain grew most rapidly in the medium containing threonine plus leucine as the glycine source and succinate as the carbon source. Nevertheless, the physiological significance of the leucine-mediated induction of threonine dehydrogenase is not clear at present.
